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ABSTRACT Horizontalgenetransfercontributestoevolutionandtheacquisitionofnewtraits.Inbacteria,horizontalgenetrans-
ferisoftenmediatedbyconjugativegeneticelementsthattransferdirectlyfromcelltocell.Integrativeandconjugativeelements
(ICEs;alsoknownasconjugativetransposons)aremobilegeneticelementsthatresidewithinahostgenomebutcanexciseto
formacircleandtransferbyconjugationtorecipientcells.ICEscontributetothespreadofgenesinvolvedinpathogenesis,sym-
biosis,metabolism,andantibioticresistance.Despiteitsimportance,littleisknownaboutthemechanismsofconjugationin
Gram-positivebacteriaorhowquicklyorfrequentlytransconjugantsbecomedonors.Wevisualizedthetransferoftheintegra-
tive and conjugative element ICEBs1 from a Bacillus subtilis donor to recipient cells in real time using ﬂuorescence microscopy.
WefoundthattransferofDNAfromadonortoarecipientappearedtooccuratacellpoleoralongthelateralcellsurfaceofei-
thercell.Mostimportantly,wefoundthatwhenacquiredby1cellinachain,ICEBs1spreadrapidlyfromcelltocellwithinthe
chainbyadditionalsequentialconjugationevents.Thisintrachainconjugationisinherentlymoreefﬁcientthanconjugationthat
isduetochanceencountersbetweenindividualcells.Manybacterialspecies,includingpathogenic,commensal,symbiotic,and
nitrogen-ﬁxingorganisms,harborICEsandgrowinchains,oftenaspartsofmicrobialcommunities.Itislikelythatefﬁcient
intrachainspreadingisageneralfeatureofconjugativeDNAtransferandservestoamplifythenumberofcellsthatacquirecon-
jugativemobilegeneticelements.
IMPORTANCE Conjugativeelementscontributetohorizontalgenetransferandtheacquisitionofnewtraits.Theyarelargelyre-
sponsibleforspreadingantibioticresistanceinbacterialcommunities.Tostudythecellbiologyofconjugation,wevisualized
conjugative DNA transfer between Bacillus subtilis cells in real time using ﬂuorescence microscopy. In contrast to previous pre-
dictionsthattransferwouldoccurpreferentiallyfromthedonorcellpole,wefoundthattransferofDNAfromadonortoare-
cipientappearedtooccuratacellpoleoralongthelateralcellsurfaceofeithercell.Mostimportantly,wefoundthatwhenac-
quiredby1cellinachain,theconjugativeDNAspreadrapidlyfromcelltocellwithinthechainthroughsequentialconjugation
events.Sincemanybacterialspeciesgrownaturallyinchains,thisintrachaintransferislikelyacommonmechanismforacceler-
atingthespreadofconjugativeelementswithinmicrobialcommunities.
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H
orizontal gene transfer is an important factor in evolution, en-
ablingbacteriatoacquirenewcharacteristics(1–4).Conjugative
plasmids and integrative and conjugative elements (ICEs) are found
in many bacterial species and are key mediators of horizontal gene
transfer (4–7). ICEs normally reside integrated in the host genome
butcanexcisetoformadouble-strandedDNAcircle.Someandper-
haps most ICEs undergo autonomous plasmid-like replication after
excision (8, 9). ICEs can mediate their transfer by conjugation to
other cells, where they can then integrate into the recipient genome.
ICEBs1(Fig.1)isan~20-kbpintegrativeandconjugativeelement
found integrated in the 3= end of a leucine-tRNA gene in several
strainsofBacillussubtilis(10–12).ICEBs1genesrequiredforexcision
and mating are derepressed during the RecA-dependent SOS re-
sponse following DNA damage or when the sensory protein RapI is
expressed and active (11, 13, 14). Overproduction of RapI causes
ICEBs1 to excise in 90% of cells in a population (11, 13, 15, 16),
greatlyfacilitatingthecharacterizationofthismobilegeneticelement.
ICEBs1cantransferintovariousBacillusandListeriaspecies(11)and
perhaps other organisms as well.
Many microbes, including B. subtilis, grow in chains, often in
communitiesofcells,e.g.,bioﬁlms(17).Thepresenceofconjuga-
tiveelementsincellscancontributetotheformationofsuchcom-
munities, and conjugation in these communities has been ob-
served (18–20). During conjugation, there are potential donors
thatharboramobileelementandpotentialrecipients(heresimply
referredtoasdonorsandrecipients,respectively).Arecipientthat
receives a mobile element is called a transconjugant and has the
potential to become a donor. Very little is known about the rela-
tive orientation of cells during conjugation or how quickly or
frequently transconjugants become donors. Some conjugation
proteinslocalizetothecellperiphery,predominantlyatthepoles,
leadingtothesuggestionthatDNAtransferoccurspredominantly
from a donor pole (21–24). However, in the case of ICEBs1 from
B. subtilis, our results indicate otherwise.
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using ﬂuorescence microscopy. We found that transfer of ICEBs1
from a donor to a recipient appeared to occur at a cell pole or
along the lateral cell surface of either cell, in contrast to previous
predictions. Furthermore, transconjugants often became donors,
and this was especially evident in cell chains. We found that when
cells grow in chains, there is efﬁcient and successive transfer to
neighboring cells in a chain, likely accelerating the spread of con-
jugative elements in microbial communities.
RESULTS
lacO/LacI-GFP system to visualize conjugative transfer of
ICEBs1.TomonitorICEBs1DNAtransfer,weengineeredB.sub-
tilis strains to distinguish donors from recipients and transconju-
gants (Fig. 2), using detection systems similar to those previously
used to visualize conjugation (25, 26). Recipients did not contain
ICEBs1 and had a relatively uniform green ﬂuorescence (Fig. 2A)
from expression of a green ﬂuorescent protein (GFP) fused to the
Escherichia coli Lac repressor (LacI-GFP). Donors had a relatively
uniform red ﬂuorescence from constitutively expressed mCherry
(Fig. 2A). Donors also contained ICEBs1 with a lac operator array
(lacO, to which the Lac repressor binds). When ICEBs1::lacO
transferstoarecipient,LacI-GFPbindsthelacOarrayandappears
as a green focus in the transconjugant (Fig. 2B). We induced
ICEBs1 gene expression, excision, and conjugation in donor cells
by overproducing RapI. Donors and recipients were mixed and
spotted onto agarose pads on a microscope slide. Images of cells
were captured every 30 min for up to 3 h and then analyzed.
Transconjugants were identiﬁed as cells with at least one green
(LacI-GFP) focus (Fig. 2). Once a transconjugant was visible, we
examined earlier time points to determine the orientation of the
cellsduringthewholetimecourseleadinguptotheappearanceof
transconjugants.
Transferoccursatacellpoleoralongthelateralcellsurface.
The mating efﬁciency determined microscopically was one
transconjugant per 10 to 20 donor cells (~5 to 10%; 5,000 do-
nors visualized), similar to that determined for mating on nitro-
cellulose paper (8, 11, 15, 16, 27). In the 300 successful mating
events visualized, donors and recipients always appeared to be in
contact, indicating that mating likely does not occur through an
extended pilus, in contrast to conjugation driven by the E. coli F
factor (28). Mating occurred at either the sides or ends of the
rod-shaped recipient cells, indicating that both the lateral and
polarsurfacesofrecipientsarereceptivetoICEBs1transfer.Many
transconjugants contained multiple LacI-GFP foci (Fig. 2B, D,
andH).Inasmallnumberofmatingevents,asingledonortrans-
ferredICEBs1tomultiplerecipients(Fig.2EtoH).Multipletrans-
fer events by a single donor are possible because of autonomous
plasmid-like replication of ICEBs1 after induction (8). Multiple
foci in a transconjugant are most likely due to autonomous repli-
cationofICEBs1inthetransconjugantand/ortransferofmultiple
copies from the donor.
We found that ICEBs1 mating occurred either at a donor cell
pole or along the lateral surface. We monitored donors sur-
rounded by recipients in various orientations. Of 109 mating
eventsvisualized,81appearedtooccurfromthesideofthedonor
(Fig. 2A and B), and 20 appeared to occur from the donor pole
(Fig. 2C and D). (In 8 cases, it was difﬁcult to determine the ori-
entation of the donor.) The orientations were determined from
therelativepositionsofcellsattheearliesttimepoint,shortlyafter
donors and recipients were mixed and placed on the microscope
slide. This ~4:1 ratio corresponds to the approximate ratio of lat-
eral to polar surface area of the rod-shaped bacilli, indicating that
mating appears to occur randomly along the donor cell surface.
These results contrast with previous predictions that conjugation
would occur predominantly at a donor cell pole (23, 24), predic-
tionsthatwerebasedonobservationsthatsomeconjugationpro-
teins(includingoneICEBs1matingprotein)appearconcentrated
at cell poles (21–24). Occasionally, we observed transfer from a
donor that was internal in a chain of cells and ﬂanked at the poles
byotherdonors.Thatsuchacellcanserveasadonorisconsistent
with the conclusion that transfer need not occur at a donor pole.
Rapid and efﬁcient transfer of ICEBs1 in cell chains. Like
many bacteria, B. subtilis often grows in chains (4 connected
cells). Each cell in a chain is distinct and surrounded by a mem-
braneandcellwall,butthecellsremainconnectedbythepolarcell
wall.WeobservedrapidspreadofICEBs1tomanycellsinachain
when an initial transconjugant was part of the chain. Among 53
casesinwhichasinglecellinachaininitiallyreceivedICEBs1from
a donor, 43 (81%) of the transconjugants became donors and
FIG 1 Map of ICEBs1 and the constructs used. (A) ICEBs1 is ~20 kb and inserted in the 3= end of trnS-leu2. Large arrows indicate open reading frames and
orientation. The shaded boxes with small arrowheads underneath at the ends of ICEBs1 represent the 60-bp direct repeats. Vertical lines with arrows between
immRandxisrepresentthetwopromoters(PimmR,Pxis)thatarecontrolledbythetranscriptionalrepressor/activatorImmR.(B)InsertionofthelacOarrayand
kan and concomitant removal of part of rapI through yddM. (C) Boundaries of the conG deletion. (D) Insertion of sspB and kan and deletion of rapI-phrI.
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30 min (Fig. 3A to E). It appeared that ICEBs1 spread to cells
preexisting in the chain before the initial transconjugant divided.
In addition, the number of cells in a chain that acquired ICEBs1
wasgreaterthan2n(thenumberexpectedfrom“n”celldivisions),
indicatingspreadbyamechanismotherthangrowthanddivision
oftheinitialtransconjugant.Twotypesofexperiments,described
below, veriﬁed that spreading through the chains was due to con-
jugationandnotduetoreplicationandsegregationoftheplasmid
formofICEBs1duringcelldivision,orsomeunforeseenproperty
of LacI-GFP bound to ICEBs1::lacO.
EfﬁcienttransferofICEBs1incellchainsdependsonconju-
gation. We found that efﬁcient spreading of ICEBs1 in cell chains
wasdependentonconjugation.NullmutationsinconG(yddG)of
ICEBs1 prevent mating (C. T. Leonetti, M. A. Hamada, S. J.
Laurer, A. D. Grossman, and M. B. Berkmen, unpublished re-
sults). We used a donor carrying ICEBs1::lacO conG and a func-
tionalcopyofconGelsewhereinthechromosome(seeMaterials
andMethods),permittingtheinitialtransferofICEBs1.However,
transconjugants that receive ICEBs1::lacO conG cannot retrans-
fer the element because they lack conG. In 26 initial transconju-
gants that were each part of a chain, there was no detectable
spreading of the ICEBs1::lacO conG mutant to other cells in the
chain, other than by cell division and segregation to daughters of
theinitialtransconjugant(Fig.3FtoJ).Theseresultsindicatethat
the rapid spreading of wild-type ICEBs1 through cells in chains is
due to conjugation.
Visualization of horizontal gene transfer using conditional
protein degradation. To further conﬁrm that the spreading of
ICEBs1 in chains was due to conjugation, we observed conjuga-
tion using a tracking system based on conditional protein degra-
dation. Recipients expressed a fusion of GFP to a modiﬁed SsrA
degradation tag (GFP-SsrA*). This fusion protein is rapidly de-
graded if cells produce SspB (29), a protein that delivers SsrA-
tagged proteins to the cellular proteolytic machinery. Recipients
did not produce SspB and were green (Fig. 3K). sspB was inserted
into ICEBs1 (ICEBs1::sspB, without lacO) in a donor strain ex-
pressing mCherry (Fig. 3K to N). Transconjugants turn from
greentodarkduetotheinstabilityofGFP-SsrA*inthepresenceof
SspB(29)expressedfromnewlytransferredICEBs1::sspB(Fig.3K
to N). When the initial transconjugant was in a chain of cells, the
othercellsinthechain(thatwerenotcontactingareddonor)also
becamedark(Fig.3LtoN),indicatingthetransferofICEBs1::sspB
through the chain. These results also indicate that spreading was
not due to growth and division, as once a transconjugant turns
dark, all the progeny from division should initially be dark and
should not start as green cells that subsequently turn dark. Based
on these ﬁndings, we conclude that the initial transconjugants
becomedonorsandICEBs1rapidlyspreadsthroughcellsinchains
via efﬁcient conjugation.
DISCUSSION
We used two different methods to visualize conjugative DNA
transfer between donor and recipient cells. In one case, we visual-
FIG2 Examples of successful mating pairs between donors that contain ICEBs1 with a lacO array (red cells, strain AB86) and recipients that express LacI-GFP
(green cells, strain MMB849) visualized by ﬂuorescent microscopy. Transconjugants appear as cells with at least one focus of LacI-GFP. The appearance of
LacI-GFP foci in the absence of donors is 0.01%, indicating that virtually all of the events we visualized were transconjugants. Arrows point to the donor,
recipient,andtransconjugant,asindicated(A,B),andtosomeofthefociofLacI-GFP(D,FtoH).(A,B)Matingfromthesideofthedonorcelltothesideofthe
recipient.(C,D)Matingfromthepoleofthedonorcelltoapoleoftherecipient.(EtoH)AsingledonortransfersICEBs1totworecipients.Atthebeginningof
the time course, before visible transfer (A, C, E), 30 min later (B, D, F), and at successive 30-min time points (G, H). In these examples, the transconjugant has
multiple green foci, likely due to replication of ICEBs1 in the transconjugant and/or multiple transfer events.
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we used conditional protein degradation to identify cells that ac-
quired the horizontally transferred element. We found that suc-
cessful conjugation of the integrative and conjugative element of
B. subtilis, ICEBs1, occurred with no obvious orientation of the
donorandrecipient.Thatis,transferofDNAfromadonorintoa
recipient appeared to occur at a cell pole or along the lateral cell
surface. Furthermore, when acquired by a cell in a chain of cells,
ICEBs1 spread rapidly to other cells in the chain through sequen-
tial transfer events as transconjugants quickly became donors.
IntegrationandstablemaintenanceofICEBs1inthehostchro-
mosome requires repression of ICEBs1 gene expression from the
FIG3 ExamplesofICEBs1transferredtocellsinchains.Atimecourseisshownforthreedifferentmatings.Inallcases,theﬁrstpanelofeachset(A,F,K)isthe
ﬁrst time point (time 0), followed by images of the same ﬁeld of cells taken at 30-min intervals. Donors are red, and recipients are green. Arrows point to some
ofthefociofLacI-GFPintransconjugants.(AtoE)SpreadofICEBs1throughachainofcells.DonorscontainedICEBs1withalacOarray(redcells,strainAB86).
Recipients expressed LacI-GFP (green cells, strain MMB849). Transconjugants have at least one focus of LacI-GFP. (F to J) Spreading requires conjugation
functions.DonorscontainedICEBs1withalacOarray,anullmutationinconG(anICEBs1generequiredforconjugation),andacopyofconGelsewhereinthe
chromosome(redcells,strainAB101).Recipientsandtransconjugantswereasdescribedabove.(KtoN)SpreadingofICEBs1throughachainofcellsvisualized
by conditional protein degradation. Images are merges of phase, green (GFP), and red (mCherry). Red donors (strain CAL1391) contained constitutively
expressed sspB in ICEBs1. Green recipients (strain CAL1379) expressed a GFP-ssrA* fusion. Transconjugants turned from green to dark due to instability of
GFP-SsrA* in the presence of SspB (29) expressed from the newly transferred ICEBs1.
Babic et al.
4
® mbio.asm.org March/April 2011 Volume 2 Issue 2 e00027-11rightward promoter Pxis (Fig. 1). Derepression of Pxis leads to
expression of genes needed for ICEBs1 excision and conjugation
(11, 15). The excised circular form of ICEBs1 is required for its
dissemination to recipients. Our results indicate that soon after
receiving ICEBs1, a very high percentage of transconjugants be-
come donors by expressing conjugation genes. The ability of a
transconjugant to become a donor is likely inﬂuenced by the ki-
netics of repression of Pxis, which in turn is inﬂuenced by the
kinetics of accumulation of the ICEBs1 repressor ImmR. ImmR
bothactivatesandrepressesitsownexpression,creatingahomeo-
static autoregulatory loop (15). Initially, there is no ImmR in a
newly formed transconjugant, permitting transcription from Pxis
and expression of ICEBs1 conjugation genes. However, in the ab-
sence of an inducing signal, expression and accumulation of
ImmRinthetransconjugantwilleventuallyrepressPxis,allowing
integration of ICEBs1 into the chromosome. This type of regula-
tory circuit is common in mobile genetic elements, notably in
bacteriophage(30,31),andisimportantinfatedeterminationfor
such elements. In ICEBs1, this circuit likely allows switching be-
tween an active dissemination mode (excision and gene expres-
sion) and a quiescent inactive mode (integration and repression).
Our studies indicate that a delay in ICEBs1 integration and tran-
scriptional repression in transconjugants contributes to the
spread of ICEBs1 in cell populations.
Muchisknownaboutconjugationandconjugativeelementsof
both Gram-negative and -positive bacteria (4, 32, 33). In most
cases, transfer efﬁciencies of a few percent are considered high.
Ourresultsindicatethatconjugationefﬁcienciesincellchainscan
be 50%. A different mechanism for efﬁcient dispersal of a mo-
bile element has been described for Streptomyces ICEs that can
exist as stable plasmids. Plasmid spreading through Streptomyces
mycelia depends on spreading proteins (Spd) and is independent
of conjugation proteins (summarized in references 32 and 34). In
contrast, transfer of ICEBs1 to cells in a chain requires the conju-
gation machinery and is not due to replication and segregation of
the plasmid form of ICEBs1.
Many bacterial species, including pathogenic, commensal,
symbiotic, and nitrogen-ﬁxing organisms, grow in chains and
harbor conjugative elements. In addition, microbial bioﬁlms are
often composed of long chains or aggregates of connected cells
(17). It seems likely that efﬁcient intrachain spreading is a general
feature of conjugative DNA transfer and probably serves to rap-
idly amplify the number of cells that acquire conjugative mobile
genetic elements. When cells are present in a chain, they are in
intimate contact with other cells in a pole-to-pole conﬁguration.
The high efﬁciency of intrachain conjugation is likely due to close
andstablecell-cellcontact.Thehighconcentrationofconjugation
proteins at donor cell poles (21–24) might also contribute to the
efﬁcient pole-to-pole transfer in cell chains.
MATERIALS AND METHODS
Bacterial strains and alleles. The B. subtilis strains used are listed
(Table 1). All are derivatives of JH642 and contain trpC and pheA muta-
tions (not indicated). Strains were constructed by standard procedures
usingnaturaltransformation(35).Strainscuredof(missing)ICEBs1(11)
are indicated as ICEBs1°. RapI was overproduced from the xylose-
induciblepromoterPxylfromamyE::[(Pxyl-rapI)spc]asdescribedprevi-
ously (23).
(i)ICEBs1::lacO/lacI-gfp.Adeletion-insertioninICEBs1wasmadeby
insertinganarrayof~120Lacoperators(lacO)(36)alongwithkan(kana-
mycinresistance),bydoublecrossover,intotheregionofICEBs1frombp
879(of1176)atthe5=endofrapIandleaving156bp(of942bp)atthe3=
end of yddM (Fig. 1). This allele, ICEBs1 [(rapI-yddM)::lacO kan], is
simply referred to as ICEBs1::lacO. The ICEBs1::lacO allele used here was
presentindonorstrainsintheabsenceoflacI-GFP.ThepresenceofLacI-
GFP(orLacI)interferedwithkanamycinresistance,probablybysilencing
expression of the adjacent kan gene.
The lacO array contained on a plasmid was previously integrated into
ICEBs1bysinglecrossover(23).Wefoundthatthesingle-crossoverarray
was not transferred to recipients during conjugation, necessitating the
integration of a lacO array by double crossover.
LacI-GFP was produced from thr::[Ppen-(lacI11-gfpmut2) mls], as
described previously (37). This construct fuses lacI-GFP to a constitutive
promoter and is integrated at thrC (making the cells threonine auxo-
trophs).StrainscontainingthisfusionwithoutalacOarrayhaverelatively
uniform green ﬂuorescence. The presence of a lacO array in a cell with
LacI-GFP results in a green focus. Strains containing lacI-GFP were used
as recipients in conjugation experiments with ICEBs1::lacO donors.
(ii) Construction and complementation of conG. conG (yddG)i s
an in-frame markerless deletion of codons 5 to 805 (of 815). It was con-
structed in a manner analogous to that constructed for conE(88-808)
(23). conG function was provided in trans by thrC::[ICEBs1-311(attR::
tet)mls],anICEBs1insertedinthrCthatisincapableofexcision(27).The
mating efﬁciency of this complemented mutant (strain AB101), deter-
mined by ﬁlter mating (23), is normal.
(iii) Ppen-mCherry at cgeD. We used two different constructs that
expressed a version of mCherry (38) that was codon optimized for E. coli
(provided by S. Sandler) from the constitutive promoter Ppen.P pen was
obtained from upstream of lacI, from a plasmid derived from pSI-1 (35).
PlasmidpMMB1010containsPpen-mCherrywithalinkedkanﬂankedby
sequences from cgeD in the pGEMcat (35) backbone. This was integrated
by single crossover into cgeD, selecting for chloramphenicol resistance.
This construct was used in donor strains AB86, AB101, and AB110 (Ta-
ble 1).
We also used a Ppen-mCherry fusion at cgeD that is integrated by
double crossover. This allele, cgeD1388::[(Ppen-mCherry) cat]i sa n
insertion-deletion containing Ppen-mCherry followed by cat (chloram-
phenicol resistance) inserted between base pairs 160 and 490 of the
1,278-bpcgeDopenreadingframe.Theinsertedgenesarecoorientedwith
cgeCDE in the B. subtilis chromosome. Ppen-mCherry was obtained from
B. subtilis strain MMB1023 containing cgeD::[(Ppen-mCherry) kan]a sa
double crossover from pMMB1010, as described above. cat was obtained
from pGEMcat (35). The cgeD1388::[(Ppen-mCherry) cat] was con-
tainedonplasmidpCAL1387andwasintroducedintotheB.subtilischro-
mosome by transformation and double-crossover homologous recombi-
nation. This construct was used in donor strain CAL1391 (Table 1).
TABLE 1 B. subtilis strains used
Strain (use) Relevant genotype
AB86
(donor)
ICEBs1 [(rapI-yddM)::lacO kan]
amyE::[(Pxyl-rapI) spc]
cgeD::pMMB1010 (Ppen-mCherry kan cat)
AB101
(donor)
ICEBs1 [(rapI-yddM)::lacO kan conG(5-805) (unmarked)]
thrC325::[ICEBs1-311 (attR100::tet) mls]
amyE::[(Pxyl-rapI) spc]
cgeD::pMMB1010 (Ppen-mCherry kan cat)
AB110
(donor)
ICEBs1 [(rapI-yddM)::lacO kan conG(5-805) (unmarked)]
amyE::[(Pxyl-rapI) spc]
cgeD::pMMB1010 (Ppen-mCherry kan cat)
CAL1379
(recipient)
ICEBs1° thrC::[(Pc-gfp-ssrA* mls]
CAL1391
(donor)
ICEBs1-(rapI-phrI)1366::[(Ppen-sspB) kan]
amyE::[(Pxyl-rapI) spc]
cgeD1388::[(Ppen-mCherry) cat]
MMB849
(recipient)
ICEBs1° thrC::(Ppen-lacI11-gfpmut2 mls)
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phrI)1366::[(Ppen-sspB) kan] [simply ICEBs1::(Ppen-sspB)] is an
insertion-deletion, removing the region of ICEBs1 from 100 bp upstream
of the rapI open reading frame through the stop codon of phrI (Fig. 1).
E. coli sspB fused to the constitutive promoter Ppen is inserted in this
region, followed by kan. The inserted genes are cooriented with down-
stream yddM (Fig. 1). sspB with a ribosome-binding site was obtained
from pKG1266 (29). kan was obtained from pGK67 (39). (rapI-
phrI)1366::[(Ppen-sspB) kan] was constructed as a linear PCR product
andintroducedintoICEBs1intheB.subtilischromosomebytransforma-
tion and homologous recombination.
gfp-ssrA* expressed from a constitutive promoter and integrated at
thrC was described previously (29). Some strains containing insertions in
thrC also require methionine to grow, likely due to the effects of the
insertion at thrC on the adjacent hom gene, needed for methionine bio-
synthesis.
Media and growth conditions. E. coli and B. subtilis cells were grown
in LB medium for routine cloning and strain constructions. Strains for
experimentsweregrownindeﬁnedS7minimalsaltsmedium(containing
50 mM MOPS [morpholinepropanesulfonic acid]) supplemented with
L-arabinose (1%), phenylalanine (40 g/ml), tryptophan (40 g/ml),
threonine (200 g/ml), and methionine (40 g/ml), as needed. Xylose
(1%) was added to induce expression from Pxyl-rapI.
Live-cellimagingandmatingconditions.Donorsandrecipientswere
colony puriﬁed from frozen (80°C) stocks on LB plates with the appro-
priateantibiotic.CellsfromasinglecolonywereinoculatedintoliquidLB
medium and grown to an optical density at 600 nm (OD600)o f0.8 to 1.
Cells were then diluted into deﬁned minimal medium with arabinose as
the carbon source to an OD600 of ~0.02. After at least 3 to 4 generations
(OD600 of ~0.2), expression of rapI, from Pxyl-rapI, was induced by ad-
ditionofxylosetothedonors.Cellsweregrownforanotherhourtoallow
for ICEBs1 gene expression and excision. Donors and recipients were
mixed at a ratio of ~1 donor per 10 recipients at a concentration of
~108cellsperml.Twomicrolitersofcellswereplacedonasliceofagarose
(1.5% UltraPure agarose; Invitrogen) dissolved in deﬁned minimal
growth medium. The approximate dimensions of the agarose slice were
0.25 mm in height by 15 mm in length by 5 mm in width.
Theagaroseslicewasplacedonastandardglasscoverslip(VWR),with
the cells between the agarose and the coverslip. The agarose slice (with
coverslip)wasplacedinahomemadeincubationchambermadebystack-
ing three sealable Gene Frames (ABgene) and mounting them on a stan-
dard microscope slide (VWR). Two small pieces of ﬁlter paper soaked in
waterwereplacedintheedgesofthechambertopreventevaporationand
drying of the agarose slice. We found that under these conditions, cells
grew and mated successfully. The chamber was mounted on the motor-
izedstageofaNikonTi-Einvertedmicroscopeplacedinthetemperature-
controlled box (Nikon) at 37°C. Fluorescence was generated using a
Nikon Intensilight mercury illuminator through appropriate sets of exci-
tationandemissionﬁlters(ﬁlterset49008formCherryandﬁlterset49002
for GFP; Chroma). Acquisition of images was performed using a Cool-
Snap HQ camera (Photometrics) and processed using NIS-Elements Ad-
vanced Research 3.10 software. Typically, 50 to 100 ﬁelds of cells of ap-
propriate density were chosen for automated imaging, and images were
captured every 30 min for up to 3 h.
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